A minoacyl-transfer RNA (tRNA) synthetases (AARSs) are well known for catalyzing the selective attachment of amino acids to their cognate tRNAs to ensure accurate protein translation. Evidence has accumulated in recent years that AARSs are involved in additional complex eukaryotic processes, including recruitment of immune cells and regulation of angiogenesis. [1] [2] [3] [4] In this issue of Arteriosclerosis, Thrombosis, and Vascular Biology, Castranova et al 5 report an additional link between angiogenesis regulation and 2 specific AARSs, threonyl-tRNA synthetase (TARS) and isoleucyl-tRNA synthetase (IARS). In a genetic screen for altered vasculature, mutations in the tars and iars zebrafish genes were identified by classical genetic mapping and sequencing. The dysregulated vessel formation was associated with a premature stop codon in the tars gene and a point mutation in the iars gene. The phenotype caused by these mutations could be rescued by transgenes encoding the wildtype alleles. Further mechanistic studies showed that loss of TARS or IARS function leads to upregulation of genes in the unfolded protein response (UPR), as well as vascular endothelial growth factor (vegfaa), which encodes the angiogenic growth factor VEGF. The induction of vegfaa was significantly reduced by morpholino knockdown of the UPR-mediated transcription factor gene activating transcription factor 4 (atf4), leading to the conclusion that the connection between loss of AARS activity and angiogenesis was through the UPR.
See accompanying article on page 655
The UPR is a collection of signaling pathways that is activated in response to the accumulation of unfolded proteins in the endoplasmic reticulum. These pathways result in the slowing of protein translation, an increase in protein degradation and an increase in expression of protein translation and folding mediators. If these adaptations fail to reduce the level of unfolded proteins, continued activation of the UPR results in mitochondrial-mediated apoptosis. 6 UPR malfunctions have been associated with numerous pathologies, including diabetes mellitus, cancer, and immune disorders. 7 The finding by Castranova et al 5 that loss of function mutations in AARSs can elicit the UPR is consistent with related work, indicating that natural products that bind tightly to AARS also elicit endoplasmic reticulum stress and UPR. Notably, the 2 most dramatic examples that link synthetase inhibition with induction of endoplasmic reticulum stress are inhibition of glutamylprolyl-tRNA synthetase by halofuginone 8, 9 and inhibition of TARS by borrelidin. 10 There have also been previous connections made between the UPR pathways and the VEGF induction but not in the context of vascular phenotype mapping. 11 The hypothesis emerging from these observations is that loss of synthetase function (the result of nutrient depletion, genetic mutation or small molecule inhibition) produces endoplasmic reticulum stress, a subsequent increase in ATF4 levels, and rising VEGF levels to promote increased vascular branching.
Although this model accounts for much of what is reported in Castranova et al., the role of AARSs in stress-mediated angiogenesis is likely more complex. For example, zebrafish mutations in other AARS genes (vars, qars, and mars) do not universally affect angiogenesis during development. 12 In addition, seryl-tRNA synthetase mutants also exhibit the ectopic branching vascular phenotype through a VEGF pathway, but this effect is independent of aminoacylation activity and ATF4 upregulation. Evidence for the association of other AARSs with angiogenesis through a secretion mechanism, such as tyrosyl-tRNA synthetase and TARS, has also been reported. 13, 14 In the case of TARS, the UPR-and extracellularmediated angiogenic functions can be separated, and the extracellular angiogenic function does not require aminoacylation activity. 15 These various studies all point to a more complicated model in which many aminoacyl-tRNA synthetases can promote angiogenesis either by detecting nutrient depletion, which triggers UPR and VEGF production, or through extracellular mechanisms (Figure) . Despite the missing pieces in the puzzle, the work of Castranova et al adds to the emerging picture that the AARSs play a key role as direct signaling molecules that integrate nutrient status with regulation of angiogenic pathways via the UPR and other stress mechanisms. 
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